As entalpias de formação do CH 3 SO e CH 3 SO 2 a 298,15 K foram determinadas num alto nível de correlação eletrônica, CCSD(T), e com o uso do procedimento de Woon e Dunning para se alcançar o limite de um conjunto de base completo. Este estudo forneceu valores de -16,7 kcal mol , respectivamente, para CH 3 SO e CH 3 SO 2 , que se espera serem os mais exatos até hoje. A análise dos cálculos existentes em vários níveis de teoria claramente mostra a necessidade de conjuntos de bases muito grandes e de um alto nível de tratamento da correlação eletrônica para se produzirem resultados confiáveis e exatos.
Introduction
The complexity of environmental chemical processes with several reactions occurring simultaneously poses a great challenge to scientists involved in the modelling of reaction cycles. The identification of intermediates and products that can play a significant role in the overall reaction is thus of great relevance. In this context, the availability of thermochemical data is very important in helping to provide information about the stability and reactivity of the chemical species involved and may be decisive in answering questions about endothermicity and feasibility of various atmospheric processes.
Theoretically, empirical group additivity methods such as those developed by Benson and co-workers 1 provide an easy way to estimate the thermochemistry of gas-phase reactions for species whose thermochemistry has not been measured. However, its weakness lies in its requirement to apply corrections for steric effects that are not always well determined, as well as for groups not experimentally studied. On the other hand, ab initio methods represent today an important tool to generate thermochemical data, but the final accuracy is dependent on the level of calculation used. Procedures such as G2, G2(MP2) and G3 methods have been reported frequently, with accuracies in the range of 1 to 2 kcal mol -1 .
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The CBS-Q approach gives an accuracy of about 1 kcal mol -1 , 5 reaching the complete basis set limit and making use of a high level of electronic correlation treatment such as CCSD(T). The use of isodesmic reactions, 6 where systematic computational errors may cancel between the right and left sides of a chemical reaction, is also a common useful practice. Besides, molecules containing second row atoms such as sulfur often need a higher theoretical description than molecules containing only first row atoms. 7 In the context of atmospheric reactions, the determination of important thermochemical data such as the enthalpy of formation for molecules containing sulfur can thus be a challenge. The sulfur-reduced species H 3 SO and CH 3 
These reactions are not isodesmic, but are isogyric, which means that the number of unpaired spins is conserved. 6 This property raised the expectation that it would lead to reasonable values of the enthalpies of formation, however, a comparison of the results obtained in that study with the ones more recently reported shows a significant difference. An analysis of the possible sources of this difference raises two possibilities: one is the level of the calculation, and the other is the choice of the reactions used. Pushing the calculation to a very high level of theory is the alternative to identify the sources of inaccuracies in the first calculation and, therefore, to provide more accurate values for the enthalpies of formation of CH 3 SO and CH 3 SO 2 . Since the rationale behind the use of isodesmic reactions is the cancelation of computational errors between the two sides of a reaction, the minimization of these errors by means of a choice of a theoretical method where the complete basis set limit is reached and where a high level of electronic correlation is included in the calculation of the energies of the species involved can bypass the need of using this type of reactions. Under this circumstance, reactions 1 and 2 can be used to obtain accurate values for the enthalpies of formation of CH 3 SO and CH 3 SO 2 .
Calculations
All calculations were carried out using the Gaussian package of programs. 17 The MP2/cc-pVTZ level of theory was used for the optimizations of the five species involved in reactions 1 and 2. Harmonical frequencies were also determined at this level. The complete basis set limit was reached through the procedure developed and tested by Dunning and co-workers 18 using single point calculations at the MP2/cc-pVDZ and MP2/cc-pVQZ levels of theory. This approach states that the dependence on basis set of several molecular properties, as the stabilization energy, is well represented by a simple exponential function of the form
where n is the index of the basis set, and B, c, and A ∞ are adjustable parameters, with A ∞ being the asymptotic limit for the function. The limiting value of this function provides an estimate of the complete basis set (CBS) limit. In our calculation, n ranged from 2 to 4, and the function extrapolated was the energy for every stationary point at the MP2 level. Since all species are radicals, and spin contamination could be relevant in these systems, the respective projected values were used. Single point calculations also were conducted at the CCSD(T)/cc-pVTZ level of theory, aiming to include electronic correlation effects in a more accurate form. Recourse to the additivity approximation 2, 19 also made possible the prediction of more accurate values for the energies through the relation:
Results and Discussion
The calculated energy values are given in Table 1 . Figure 1 displays the geometrical parameters of the molecules considered in this work. It is interesting to note that the species CH 3 SO 2 has the two oxygen atoms staggered with one hydrogen of CH 3 , which is in agreement with the findings of Davis, 20 and Frank and Turecek, 14 but different from the result reported by McKee. 21 From the reaction energies listed also in Table 1 , one can notice the significant variation in these values as one goes from the 2002 double-zeta to the complete basis set limit. At the MP2 level, it amounts to -22.5 kcal mol -1 , and shows the influence of the basis set size on this property. On the other hand, electronic correlation turns out to be more important for reaction 2 than for reaction 1. The variation in energy from PMP2 to CCSD(T) is 2.9 kcal mol -1 for reaction 1 and 6.8 kcal mol -1 for reaction 2. The influence of the triples contributions on the CCSD values is also slightly greater for reaction 2 than for reaction 1.
The nuclear contributions to the enthalpy are 0.18 and -0.11 kcal mol with existing experimental and theoretical values. The value calculated in this work for the enthalpy of formation of CH 3 SO is in excellent agreement with Benson's estimate, being both about 2 kcal mol -1 smaller than the theoretical estimate of Turecek.
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As discussed above, basis set size effects are quite significant for this system, and in the G2 (MP2) methodology used in Turecek's work it corresponds to the 6-311+G(3df,2p) basis set. From Table 1 , the variation in energy for reaction 1 is about 6 kcal mol -1 , as one moves from the cc-pVTZ basis set to the complete basis set limit. This difference should be smaller for the reaction used by Turecek, since it is isodesmic, but it can explain the observed differences. In the case of Resende and De Almeida's value, the difference is clearly due to the size of the basis set. In that work, optimizations were done at the MP2/6-31G(d) level of theory, and the CCSD(T)/cc-pVTZ level was reached through the additivity approximation. The PMP2/cc-pVTZ//PMP2/ 6-31G(d) value from the previous work compares very well (less than 0.5 kcal mol -1 ) with the PMP2/cc-pVTZ result of this calculation, indicating that the convergence in geometry is reached with a double zeta quality basis set. Electronic correlation was equally included, but reaching the basis set limit makes a significant contribution, explaining the difference between these two values.
The theoretical determination of the enthalpy of formation of CH 3 SO 2 was investigated by various groups, but the calculated values present a high dispersion. Interestingly, as indicated in Table 2 , only for the simplest ab initio calculation (HF/STO-3G) there has been a very good (incidental) agreement theory and experiment. Also worth noting in Table 2 is the close agreement between Benson's value (-55 kcal mol -1 ) and the one calculated in this work (-53.1 kcal mol -1 ). The most recent ab initio results employed triple-zeta quality basis sets, which we have shown not adequate to describe this system accurately. Similar methodologies such as G2 and G2(MP2) have produced different values, but the reactions used were not the same. The reaction employed by Laakso et al. 13 is not isodesmic, and, besides, the value used for ∆H , which does not compare very well with the DFT result. Since it is known that DFT approaches can not completely account for electronic correlation effects, the difference of about 6 kcal mol -1 found in these studies can only be explained by the level of theory employed. A further point we consider worth being addressed in more detail is the concept of isodesmic reaction. Formally, a reaction is isodesmic when the number of bonds of each type is conserved. It ensures that the errors arising from basis sets deficiencies and inadequacies in the treatment of electronic energy will tend to cancel. So, a reaction where the number of unpaired electrons is different in the two sides of the reaction equation should not be considered isodesmic, because electronic correlation will be different in the two cases. From this point of view, therefore, none of the reactions used by Frank and Turecek are isodesmic. In fact, the results in Table 2 show that the most important rule in an accurate determination of enthalpy of formation is the level of calculation. Consequently, our present results for the heats of formation are expected to be the most reliable and accurate values available to date, since reaching the complete basis set limit at a high level of correlation treatment overcomes the need of using an isodesmic reaction.
Conclusions
In this work, we have calculated the enthalpies of formation of CH 3 SO and CH 3 SO 2 . Their determination used a high level of electronic correlation treatment and approached the complete basis set limit, which overcomes the need of using isodesmic reactions. These values are expected to represent the most accurate results reported for this property. The importance of using a large basis set is stressed, and an analysis of results previously reported in the literature showed that the existing discrepancies can be traced to differences in the level of calculation used, which was not adequate for treating these systems correctly. The high quality of the present results also suggests that an experimental reinvestigation of these enthalpies of formation is certainly warranted.
